Fecundity estimates used in a 2004 stock assessment to evaluate the overall health of the population of California sheephead Semicossyphus pulcher were based primarily on two studies. The first estimated the total fecundity of only nine individuals captured near Santa Catalina Island, California, and the second estimated batch fecundity of individuals taken from only one artificial reef. In order to develop a current and more comprehensive estimate of fecundity, we collected California sheephead from seven locations off southern California throughout the spawning season (July through September). To estimate both total fecundity and batch fecundity, we categorized and counted oocytes from ovarian subsamples of 28 and 24 (respectively) mature females (stage 3, spawning capable; determined by histological analysis). Total and batch fecundity increased with somatic mass, standard length, and ovary mass. We found total fecundity to increase with somatic mass to a power of 5.5, which is considerably greater than the value (2.95) reported previously. Our observations therefore highlight the importance of large females in the reproductive potential of the California sheephead stock. Regression analysis indicates that ovary mass is the most accurate biological indicator of fecundity for California sheephead and should be used for subsequent stock analyses.
California sheephead Semicossyphus pulcher are protogynous sequential hermaphrodites. The dominant female in a group changes sex in response to removal of the dominant male (Warner 1975; Cowen 1990) . Although this is not a novel mechanism among wrasses, it is rare among exploited temperate fish species and may make California sheephead particularly susceptible to overfishing. California sheephead are targeted by both recreational and commercial fisheries. Landings have increased since the 1980s and there is concern about sustainability of cur- rent levels of exploitation. Indeed, the average maximum sizes of both females and males have been decreasing, with concomitant reductions in size and age at sex change, and reduction in size at maturation in at least one population (Hamilton et al. 2007) . A 2004 stock assessment concluded abundance has declined 50% from the unfished state (Alonzo et al. 2004) . Alonzo et al. (2004) created models of the California sheephead population to best manage the fisheries. Those models used data from previously published fecundity estimates (Warner 600 LOKE-SMITH ET AL. 1975 ; Cowen 1990; DeMartini et al. 1994; Jirsa et al. 2007; Sundberg et al. 2009 ). Female California sheephead are serial batch spawners and spawn almost daily (Adreani et al. 2004) . They may, therefore, have multiple stages of oocytes within the ovary at any given time during the breeding season. Moreover, fecundity itself can be assessed in a number of ways. Total fecundity is an estimate of the total number of yolky oocytes and usually includes the total number of eggs that may be released in the next two to three spawning events. Batch fecundity is an estimate of the number of eggs that may be released in the next batch and maybe a more useful estimate of reproductive potential (Hunter et al. 1985) . Batch fecundity can be used to estimate annual fecundity (the total number of hydrated oocytes spawned over a reproductive season) if both spawning frequency and length of the spawning season are known. Warner (1975) reported that total fecundity in California sheephead increases exponentially with standard length (exponent 2.95). Due to the small size (<359 mm SL) and low number (n = 9) of individuals, however, the fecundity relationship was truncated, and caution was issued by the author against extrapolating the fecundity curve beyond the size range sampled. The two previous estimates of batch fecundity have included 26 individuals collected at a single artificial reef (DeMartini et al. 1994 ; Table 1 ) and 11 captive females (Jirsa et al. 2007 ). We argue a more complete fecundity estimate using females representative of the entire California sheephead stock is needed. We therefore reevaluated fecundity using a wide size-range of fish collected from multiple locations across southern California. We estimated total and batch fecundity using methods similar to those of previous studies to make our data directly comparable with those used in the 2004 stock assessment (Alonzo et al. 2004 ).
METHODS
California sheephead were collected off the coast of southern California during the spawning seasons (July-September) of 2005 and 2007. Collection sites included the oil platform Edith and the following Channel Islands: Santa Rosa, Santa Cruz, Anacapa, San Nicolas, Santa Catalina, and San Clemente (Table 2) All fish were collected by hook and line or by spear. Those collected by hook and line were euthanized in an ice slurry prior to dissection. The gonads were removed, weighed, fixed in 10% formalin for 7-10 d, subsequently washed in phosphate-buffered saline, and stored in 70% ethanol. Small cross sections of tissue from throughout the gonad were embedded in paraffin wax for histological analysis. In cases where the gonad was too large for a cross section to fit onto a single slide, pie-shaped wedges were taken to maximize gonadal structures examined. Sections (6 μm thick) were cut on a microtome, mounted on slides, and stained using hemotoxylin and eosin. Gonads were staged according to Sundberg et al. (2009) and only females identified as stage 3 (i.e., those with vitellogenic and hydrated oocytes and capable of spawning) were included in our study.
Oocytes were categorized into five developmental stages ( Figure 1 ): two stages of previtellogenic oocytes (chromatin nucleolar oocytes, perinucleolar oocytes), two stages of vitellogenic oocytes (yolk vessicle oocytes and yolk globular oocytes), and hydrated oocytes (the final stage of oocyte development typified by large transparent sacs to be released in the next spawning event). Total fecundity was determined by estimating the total number of vitellogenic or yolked oocytes Sundberg et al. 2010 ) present in the ovary. Batch fecundity was determined by estimating the total number of hydrated oocytes in the ovary. To estimate the total number of oocytes in the whole ovary, subsamples (0.20-0.30 g) were cut from the center of the ovary to the ovarian wall from ovaries removed from 28 spawning-capable females (stage 3; Sundberg et al. 2009 ). Each subsample was placed in a sieve made from PVC piping with 80-μm mesh, and flowing water was used to gently separate the oocytes from each other and from the protective ovarian membrane. Any remaining oocytes were individually teased from the tissue under a dissecting microscope. All of the yolked oocytes and hydrated oocytes in the subsample were then counted. The total number of oocytes (yolked or hydrated) was then divided by the subsample mass and multiplied by the whole ovary mass to determine the total and batch fecundities, respectively. Individuals with an estimated batch fecundity of less than 50 hydrated oocytes were assumed to have recently spawned and were omitted from batch fecundity curve calculations. Oocytes were classified by developmental stages: chromatin nucleolar oocytes, perinucleolar oocytes, yolk vesicle (cortical alveolar) oocytes, yolk globular oocytes, and hydrated oocytes. The diameter of 40 oocytes in each stage were measured for 27 individuals to the nearest 0.5 μm at 500 × magnification (10 μm) using a micrometer in an Olympus SZX12 microscope.
Regressions were used to describe the relationships of total and batch fecundities versus standard length, somatic weight, and ovary weight (SigmaPlot 11.0, Systat Software, San Jose, California). Because egg diameters were not normally distributed and had unequal variances, data were analyzed using Kruskal-Wallis analysis of variance (ANOVA) with MannWhitney pairwise comparisons.
RESULTS
Individuals sampled for fecundity ranged from 196 to 432 mm standard length and from 200 to 2,661 g wet weight.
The smallest females (≤459 g, 13 of 28 individuals) were caught primarily at Santa Catalina and San Clemente islands and the largest (≥718 g, 15 of 28 individuals) at the oil platform on the San Pedro Shelf or at the more northern Channel Island sites (Table 1) . As expected, mean ± SD egg sizes differed significantly across egg stages with average diameters of 69 ± 11 μm for chromatin nucleolar oocytes, 266 ± 23 μm for perinucleolar oocytes, 336 ± 30 μm for yolk vesicle oocytes, 483 ± 42 μm for yolk globular oocytes, and 878 ± 70 μm for hydrated oocytes (H = 98.90, df = 4, P < 0.0001). All egg stages were significantly different from each other in post hoc comparisons.
Total and batch fecundity increased in a power relationship with somatic mass, standard length, and ovary mass ( Figure  2a-c) . Regression analysis suggests that ovary mass is the most accurate indicator of total and batch fecundity for California sheephead (r 2 = 0.94 and r 2 = 0.86, respectively; Figure 2c ).
DISCUSSION
The relationship between total fecundity and standard length scaled to the power of 5.5. The increases in fecundity with California sheephead length are, therefore, much larger than would be predicted by simple ontogenetic allometry and the square-cube law. Our results suggest that management regulations that protect large females (e.g., increased minimum size limits, slot limits to prevent fishing of large individuals) may increase reproductive output of California sheephead.
California sheephead are batch spawners with indeterminate fecundity that may vary geographically across their range. Therefore, batch fecundity may give a more accurate indicator of reproductive potential than total fecundity. DeMartini et al. (1994) reported batch fecundity of 15 eggs/g body weight. In contrast, we observed 38 eggs/g ( Table 1 ). The average size in both studies was similar, and the different results remain unexplained.
It is likely that the inclusion of two stages of development for the total fecundity measure (yolk vessicle oocytes and yolk globular oocytes), as opposed to batch fecundity which includes only hydrated oocytes, explains the different scaling exponents. Warner (1975) noted a loss in the number of eggs prior to hydration, and the difference in the fecundity measurements may reflect this reduction. While using total fecundity as a measurement of reproductive potential has been debated, the difference between the total and batch fecundity numbers suggests that a reserve level of yolked oocytes may be required for successful reproduction, and calculating both total and batch fecundity is useful. Regardless, the difference between the nature of the total and batch fecundity curves highlights the importance of the method used for fecundity determination and particularly for their incorporation into stock assessments. Jirsa et al. (2007) determined the average number of eggs spawned daily by a group of 11 captive California sheephead to be 130,000, with a maximum of 375,000 eggs spawned in 1 d. Batch fecundity for this captive group was estimated at 12,000-35,000 hydrated oocytes per individual, lower than our calculated value of 41,418 hydrated oocytes (Table 1) . This discrepancy may be explained by captive fish not spawning daily due to greater interfemale competition or dominance than in the wild. This would result in an underestimate of batch fecundity in captive fish.
California sheephead have been increasingly exploited for three decades, and changes in life history and reproductive biology have been reported (Hamilton et al. 2007; Loke-Smith et al. 2010; Caselle et al. 2011) . Similar effects (reduced size and age at sexual maturity and reduced fecundity) have been reported in other species subjected to intense fishing pressure (reviewed by Rochet 1998) . At the population level, reducing size at sexual maturity can equate to a reduction in fecundity such that the reproductive output of the population is diminished. Indeed, early maturation results in lower maximum size in Atlantic herring (Jennings and Beverton 1991) , and such a cycle may be reducing the overall fecundity in California sheephead near Santa Catalina and San Clemente islands where females and males now mature at smaller sizes than elsewhere (Hamilton et al. 2007; Caselle et al. 2011) .
The reproductive biology of California sheephead is complicated by a hermaphroditic mating system and skewed sex ratios in most populations. Divergence across populations, including geographical variation and differences in fishing pressure, are likely to influence fecundity. Indeed, due to natural variability in fecundity, a much larger sample size would be necessary to identify differences across the California sheephead range. However, our use of individuals from several populations provides a more complete picture than if all the data were collected from a single population. By determining the fecundity of California sheephead sampled from multiple sites, we were able to develop the relationships of fecundity to somatic mass, standard length, and ovary mass, which incorporated a greater sample size, a broader size range, and a greater spatial sampling area than previous studies. We argue, therefore, that our data provide a better estimate of fecundity for California sheephead in southern California. We also measured egg diameter, and the observed low variability indicates that this parameter could be used to assign correct oocyte staging when determining fecundity.
Because California sheephead are exhibiting biological adaptations in response to fishing pressure that may negatively affect the sustainability of the species, it is also vital that the reproductive potential continue to be monitored and that the most current models of fecundity are used to optimize management strategies. 
